Foxp3 ͉ orphan nuclear receptors F ollowing activation by antigen, the local cytokine milieu drives the differentiation of naïve T-helper (Th) cells into cytokine-secreting effector cells with specialized functions. Depending on their specific cytokine profile, effector Th cells can be classified into four main subsets termed Th1, Th2, Th17, and T regulatory (Treg) cells. Whereas Th1 cells produce IFN␥, which regulates cellular immunity, Th2 cells secrete IL-4, IL-5, and IL-13 to control humoral and anti-parasite immunity. Because of their critical functions in a variety of autoimmune diseases in humans and mice, Th17 and Treg cells have recently received much attention. Th17 cells produce IL-17A, IL-17F, IL-21, and IL-22, which are highly pro-inflammatory and induce severe autoimmunity, e.g., during experimental autoimmune encephalomyelitis (EAE), the mouse model for multiple sclerosis. In contrast, Treg cells control effector T cell responses and suppress autoimmunity (1, 2) .
In mice, differentiation of both Th17 and Treg cells requires TGF␤. By itself, this cytokine induces the Treg-specific transcription factor forkhead box P3 (Foxp3) and generates inducible Treg cells (3, 4) . Conversely, a combination of TGF␤ with IL-6, which blocks TGF␤-driven Foxp3 expression, triggers Th17 development (5-7). Two additional cytokines, IL-21 and IL-23, are also critically involved in the differentiation of Th17 cells (8) . IL-21 belongs to the common ␥-chain family, signals mainly via STAT3, and is highly expressed by Th cells after stimulation via the TCR in the presence of IL-6 (9, 10). In combination with TGF␤, IL-21 induces and amplifies Th17 development independently of IL-6 (11-13). IL-21 further induces its own expression in an autocrine manner and additionally up-regulates IL-23 receptor (IL-23R) (11) (12) (13) . Hereby, IL-21 prepares Th cells for the signals provided by IL-23, which facilitates the maintenance and stabilization of the Th17 phenotype (14, 15) . Consistent with the reciprocal relationship between Th17 and Treg development, IL-21 inhibits the expression of Foxp3 (11, 13) . Thus, IL-21 plays a critical role in a positive feedback loop, which facilitates de novo induction, expansion, and stabilization of differentiating Th17 cells.
The retinoic acid receptor-related orphan receptor (ROR) ␥t and the recently described ROR␣ are two STAT3-regulated lineage-specific transcription factors that orchestrate the development of Th17 cells. These transcription factors are sufficient to cooperatively augment the expression of IL-17A, IL-17F, and IL-23R (16) . Accordingly, loss of function in either ROR␣ or ROR␥t partially reduces, and combined mutation profoundly impairs, Th17 differentiation in vitro and in vivo (16, 17) . Another transcription factor regulated by TCR signal transduction, IFN regulatory factor 4 (IRF4), is also essential for Th17 development (18) . IRF4 belongs to the IRF transcription factor family, which is important for type I IFN production, Toll-like receptor signaling, and Th cell differentiation (19, 20) . We have previously shown that, apart from its previously reported role during Th2 development (21, 22) , IRF4 is absolutely required for IL-6 and TGF␤-mediated Th17 generation in vitro (18) . Remarkably, IRF4-deficient (Irf4 Ϫ/Ϫ ) mice are totally resistant to EAE, a phenotype accompanied by complete lack of Th17 cells in the brain and spleen. This observation suggests that not only the conventional IL-6-and TGF␤-mediated pathway of Th17 differentiation, but also the alternative IL-21-mediated pathway, might be dependent on IRF4.
In the present study we report that the entire range of IL-21 effects on Th17 development is compromised in Irf4 Ϫ/Ϫ Th cells. This includes IL-21-induced production of IL-17 and IL-21 itself, as well as expression of IL-23R, ROR␣, and ROR␥t. As we show, these effects of IRF4 are mediated at least in part by an influence on the balance of Foxp3, ROR␣, and ROR␥t.
were stimulated with plate-bound anti-CD3 and soluble anti-CD28 antibodies in the presence or absence of IL-21 or TGF␤ alone or in combination for 3 days. After re-stimulation, IL-17-producing cells were assessed by intracellular staining and flow cytometry. Consistent with previous data (11-13), a high percentage of IL-17-producing WT cells were induced by the combination of IL-21 and TGF␤, whereas IL-21 alone also induced some IL-17-positive cells (Fig. 1A) . No such cells were detectable under neutral (i.e., Th0) conditions or in the presence of TGF␤ alone. In the absence of IRF4, we observed a complete block in IL-17 production in response to (Fig. 1C) . In striking contrast, Irf4 Ϫ/Ϫ Th cells did not express any Il23r mRNA in response to IL-21 or IL-6 alone, and even when TGF␤ was added, the expression of this gene was severely compromised. These data indicate that IRF4 is essential for Il23r expression in Th17 cells.
As already mentioned, IL-17 production and IL-23R expression are both dependent on the lineage-specific transcription factors ROR␣ and ROR␥t (encoded by Rora and Rorc, respectively) (16, 17) . Accordingly, mice doubly deficient in ROR␣ and ROR␥t function fail to generate a Th17 response and are completely resistant to EAE (16) . Because Irf4 Ϫ/Ϫ mice display a very similar phenotype (18), we next determined if these transcription factors are expressed by Irf4 Ϫ/Ϫ Th cells. As expected, the combination of IL-21 or IL-6 plus TGF␤ synergistically up-regulated Rora and Rorc mRNA expression in WT Th cells (Fig. 1D ). In Irf4 Ϫ/Ϫ Th cells, the mRNA levels of both transcription factors were significantly diminished, although the level of Rorc mRNA was more strongly reduced than that of Rora. This result is consistent with the abolished IL-17 production and greatly compromised Il23r expression observed in Irf4 Ϫ/Ϫ Th cells, and reveals that both Rora and Rorc are expressed in an IRF4-dependent manner.
siRNA-Mediated IRF4 Knock-Down Impairs IL-21-Induced Th17 Differentiation in WT Cells. The inability of Irf4 Ϫ/Ϫ Th cells to react appropriately to IL-21 could be secondary to developmental alterations occurring in these mice rather than to the direct effect of IRF4 on signaling pathways involved in Th17 cell differentiation. To exclude this possibility, we examined the role of IRF4 in WT cells during IL-21-mediated Th17 differentiation after transient knock-down using siRNA. To achieve this, we nucleofected purified CD4 ϩ WT cells with either one siRNA molecule (si1) or a mix of three different siRNA molecules (siMix) targeting IRF4. As a control, we used scrambled siRNA or we nucleofected cells without siRNA to exclude any unspecific influence of the nucleofection protocol on the development of Th17 cells. Twenty-four hours after nucleofection, immunoblotting was performed, which demonstrated lower IRF4 protein amounts in cells nucleofected with si1 or siMix compared with control cells nucleofected with or without scrambled siRNA ( Fig. 2A) . Consistent with the IRF4 protein levels, nucleofection with both si1 and siMix caused a significant reduction in the frequency of IL-17-producing cells compared with control nucleofection with or without scrambled siRNA (Fig. 2B) . Furthermore, the expression of Rorc mRNA was significantly down-regulated by both types of siRNA against IRF4 (Fig. 2C ). These data clearly establish that IRF4 is important for IL-21-mediated Th17 differentiation in WT cells, and that the defect of Irf4 Ϫ/Ϫ Th cells is not secondary to developmental alterations. dressed whether IRF4 might be similarly important for the expression of IL-21 itself, which is also a product of cells cultured under Th17 conditions (9, (11) (12) (13) . IL-21 production can be induced by IL-21 or IL-6 alone or in combination with TGF␤ in a STAT3-dependent manner (9, (11) (12) (13) . In Th cells lacking the function of both ROR␣ and ROR␥t, but not ROR␥t alone, IL-21 production was greatly compromised, suggesting that its expression requires the cooperation of both of these transcription factors (16) . To analyze the role of IRF4 in IL-21 production, we compared Il21 mRNA expression in Irf4 Ϫ/Ϫ versus WT Th cells in response to IL-21 or IL-6 alone or in combination with TGF␤. IL-21 and IL-6 increased Il21 expression in Th cells from WT mice, but not from Irf4 Ϫ/Ϫ mice, an effect essentially independent of TGF␤ (Fig. 3A) . Furthermore, transient siRNA knock-down of IRF4 confirmed the essential requirement of IRF4 for Il21 expression in WT cells stimulated with IL-21 and TGF␤ (Fig.  3B) . Consistent with the mRNA data, IL-21 protein production was also greatly reduced in Irf4 Ϫ/Ϫ cells after stimulation with IL-6 alone or in combination with TGF␤ (Fig. 3C) . In this setting, we were of course unable to measure the response to IL-21 protein. These data show that IRF4 deficiency gave rise to almost complete loss of Il21 expression in response to IL-21 itself and to IL-6, supporting the finding of greatly diminished levels of Rora and Rorc mRNA.
IL-21-Induced Signaling in Irf4
؊/؊ Th Cells. Like other type I cytokines, IL-21 signals via the Jak-STAT pathway and can activate STAT1, STAT3, STAT5a, and STAT5b (24) . However, during Th17 development, the activation of STAT3 appears to be most important for IL-21 signaling, because the expression of ROR␣ and ROR␥t is dependent on STAT3 (9, 16, 25) , and consequently, the Th17 developmental program is greatly compromised in STAT3-deficient cells (9, 12, 25) . The similarity between the phenotypes of activated T cells cytoplasmic 2 (NFATc2) (26) , which interacts with IRF4 (22), we also analyzed whether the absence of IRF4 impairs the translocation of NFATc2 to the nucleus. However, we found comparable amounts of this protein in nuclear extracts of Irf4 Ϫ/Ϫ and WT Th cells (Fig. S2) , indicating that the strongly compromised IL-21 production in Irf4 Ϫ/Ϫ cells is not mediated through defective NFATc2 translocation. Consistent with the data in Fig. 4A and Figs. S1 and S2, Il21r expression was not influenced by IRF4 deficiency (Fig. S3) . Because Irf4 Ϫ/Ϫ cells display normal activation of the transcription factors STAT3 and NFATc2 in response to IL-21, but greatly impaired expression of genes directly involved in Th17 development, we asked whether IL-21 is able to influence transcription of other genes in Irf4 Ϫ/Ϫ cells. One of the direct consequences of signaling by many type I cytokines is the ''downstream'' activation of suppressors of cytokine signaling (SOCS) proteins, and it has been suggested that STAT3 induces the expression of SOCS3 (27) . Furthermore, IL-21 induces Socs3 mRNA in CD8 ϩ T cells (28) and macrophages (29) . Therefore, we compared Socs3 mRNA expression in Irf4 Ϫ/Ϫ and WT Th cells. Stimulation with IL-21 alone or in combination with TGF␤ up-regulated Socs3 mRNA expression to a similar extent in Irf4 Ϫ/Ϫ and WT Th cells (Fig. 4B) (Fig. 4C ). This result shows that Irf4 Ϫ/Ϫ Th cells are not completely unresponsive to IL-21 and IL-6, but change aspects of their transcriptional program in response to these cytokines.
IRF4 Is Involved in IL-21-Mediated Foxp3
Suppression. IL-21 is important in the developmental relationship between Th17 and Treg cells, and acts by impairing TGF␤-mediated Foxp3 upregulation. Thereby, IL-21 promotes ROR␥t function and consequently Th17 cell differentiation (11, 13, 23) . Because IL-21-mediated Th17 differentiation was abolished in Irf4 Ϫ/Ϫ cells, we analyzed whether, under these conditions, Foxp3 expression was also affected. Therefore, we stimulated Irf4 Ϫ/Ϫ and WT Th cells, as described earlier, in the presence or absence of IL-21 and/or TGF␤. After 72 h, we re-stimulated the cells and analyzed Foxp3 expression by flow cytometry. As previously described, IL-21 efficiently inhibited TGF␤-induced Foxp3 expression in WT cells (Fig. 5A) (11, 13) . In contrast, in Irf4 Ϫ/Ϫ Th cells, IL-21-mediated Foxp3 suppression was minimal. Again, IRF4 reduction by siRNA led to a similar result in WT cells, as shown by up-regulated Foxp3 expression under IL-21 plus TGF␤ conditions (Fig. 5B) . Thus, IRF4 is required for IL-21-mediated Foxp3 inhibition in WT cells as well.
To analyze whether increased Foxp3 can influence IL-21-mediated IL-17 production, we overexpressed Foxp3 by retroviral transduction in WT cells stimulated with IL-21 plus TGF␤. Compared with infection with control retrovirus, transduction with Foxp3-encoding virus substantially decreased the percentage of IL-17-producing cells (Fig. 5C) . By intracellular staining, Ϫ/Ϫ cells (18) . Because the mRNA levels for ROR␣ and ROR␥t were both greatly impaired in Irf4 Ϫ/Ϫ cells (Fig. 1D) , we examined whether the co-expression of these lineage-specific transcription factors could rescue IL-17 production in these cells. Therefore, naïve Irf4 Ϫ/Ϫ and WT Th cells were co-infected with two types of viruses expressing (i) either ROR␥t-GFP or GFP or (ii) either ROR␣-Thy1.1 or Thy1.1. After infection, the cells were cultured either under neutral conditions or with IL-21 plus TGF␤ or IL-21 alone. After re-stimulation, IL-17-producing cells were assessed by intracellular staining and analyzed on a GFP ϩ Thy1.1 ϩ gate. Under neutral conditions, ROR␣ or ROR␥t alone but not the control viruses were sufficient to promote some IL-17 production in WT cells (Fig. 6A) . In striking contrast, over-expression of either transcription factor alone induced very low frequencies of IL-17-positive Irf4 Ϫ/Ϫ cells. Co-expression of ROR␣ and ROR␥t led to significantly enhanced IL-17 production in WT as well as in Irf4 Ϫ/Ϫ cells, although the percentage of IL-17-producing cells was still markedly higher in WT (26.3%) than in Irf4 Ϫ/Ϫ (3.8%) cells (Fig. 6A) . Under IL-21 plus TGF␤ conditions, the co-expression of ROR␣ and ROR␥t also enhanced Th17 differentiation in WT and Irf4 Ϫ/Ϫ cells (Fig. 6B) , although the percentage of IL-17-positive Irf4 Ϫ/Ϫ cells was lower (1.4%) than after culture of these cells under neutral conditions. This finding was probably caused by the ROR␣-and ROR␥t-antagonizing function of Foxp3, which is expressed at a high level under IL-21 plus TGF␤ conditions in Irf4 Ϫ/Ϫ cells (Fig. 5A) . Indeed, after incubation of co-transduced cells with IL-21 alone, the percentage of IL-17-positive cells was greatly enhanced in WT cultures (65.9%) and much less but still substantially increased in Irf4 Ϫ/Ϫ cultures (6.8%; Fig. 6C) was specific because staining with the isotype control was minimal (Fig. 6B) . Thus, the combined expression of ROR␣ and ROR␥t restores the Th17 phenotype in Irf4 Ϫ/Ϫ cells only to a limited extent; therefore, other mechanisms such as the interplay of these factors with Foxp3 are also of relevance.
Discussion
The differentiation of Th17 cells is guided by cytokines derived not only from the environment but also from autocrine production. In the current study, we found that, in the context of Th17 differentiation, IRF4 is absolutely required in a T cell-intrinsic manner for the production of and responsiveness to IL-21. This conclusion is based on the finding that IRF4-deficient Th cells possess a severely compromised reactivity to IL-21 and TGF␤ with respect to production of IL-17 and expression of IL-23R, IL-21, and the lineage-specific transcription factors ROR␣ and ROR␥t. As for IL-17, synchronous overexpression of ROR␣ and ROR␥t cooperatively rescued its production by Irf4 Ϫ/Ϫ cells to some extent. Thus, the defective expression of these both master regulators is causally linked to the impaired Th17 development in Irf4 Ϫ/Ϫ cells. However, the Th17 phenotype was not completely re-established by co-expression of ROR␣ and ROR␥t, indicating that additional factors regulated by IRF4 must also be involved. Indeed, we found that IRF4 affects IL-21-mediated Foxp3 downregulation, which normally occurs after culture in IL-21 plus TGF␤ (compared with TGF␤ alone) and that retroviral overexpression of Foxp3 inhibited IL-21-mediated IL-17 production in WT cells. These results support the described antagonistic effect of Foxp3 on ROR␥t and ROR␣ function (23, 30) , but also point out that IRF4 is another player in this system that acts by balancing the levels of ROR␣, ROR␥t, and Foxp3. However, expression of Foxp3, ROR␣, and ROR␥t per se is unable to totally explain the devastating effect of IRF4 deficiency on Th17 cell differentiation. That view is supported by the finding that, even under reduced Foxp3 level (i.e., IL-21 conditions), the co-expression of ROR␣ and ROR␥t did not completely rescue the IL-17 production in Irf4 Ϫ/Ϫ cells. Either posttranslational modification of these factors or the participation of further factors has to be considered.
Although the genetic and biochemical programming of Th17 lineage differentiation in response to IL-6, IL-21, or IL-23 is not well understood, we tried to elucidate the mechanism by which IRF4 regulates the levels of ROR␣, ROR␥t, and Foxp3. Because the expression of ROR␣ and ROR␥t has been shown to be STAT3-dependent (9, 16, 25) and, moreover, the suppression of Foxp3 expression by IL-21 is also at least in part mediated by STAT3 (11), we analyzed activation of STAT3 in Irf4 Ϫ/Ϫ cells. Notably, phosphorylation as well as nuclear translocation of STAT3 in response to IL-21 was normal in Irf4 Ϫ/Ϫ cells, indicating that IRF4 regulates the level of ROR␣, ROR␥t, and Foxp3 independently of STAT3. In line with unimpaired STAT3 activation, the induction of Socs3, which has been described to be STAT3-dependent (27) , was equivalent to that in WT cells. This result confirmed that IL-21-induced STAT3 activation was not only normal in Irf4 Ϫ/Ϫ cells, but also successfully led to transcription of STAT3-dependent genes. In addition, IL-21 enhanced Ifng expression in Irf4 Ϫ/Ϫ cells but not in WT cells, revealing a change in the IL-21-mediated gene expression pattern in the absence of IRF4. In summary, our results suggest that IRF4 regulates the balance of Th17-and Treg-specific transcription factors independently of STAT3 phosphorylation and nuclear translocation.
Apart from STAT3, NFATc2 was an attractive candidate to explain the effects of IRF4, because (i) IRF4 interacts with NFATc2 (22), (ii) NFATc2 has been shown to regulate the expression of IL-21 (26) , and (iii) Irf4 Ϫ/Ϫ cells produce IL-21 at a greatly diminished level. Therefore we analyzed whether the absence of IRF4 inf luences the nuclear translocation of NFATc2. However, as our data show unimpaired NFATc2 translocation in Irf4 Ϫ/Ϫ cells, the molecular basis of IRF4-mediated regulation of ROR␣, ROR␥t, and Foxp3 levels is unclear at this time and requires further investigation.
Finally, the relevance of defective Th17 development for the in vivo situation of the Irf4 Ϫ/Ϫ mouse should be considered. Work from our group has shown that this mouse is completely resistant to disease models which are considered to be strongly dependent on Th17 cells, namely EAE and inflammatory bowel disease (18, 31) . In both disease models, IL-23 signals are relevant for a strong disease phenotype (15, 32) . Because IL-21 is obligatory for stabilizing IL-23 signals (12, 15) and Irf4 Ϫ/Ϫ cells produce no IL-21 in response to either IL-21 or IL-6, our data strongly suggest that it is the combination of inadequate responses to IL-21 and IL-6 that makes Irf4 Ϫ/Ϫ mice completely resistant to EAE and inflammatory bowel disease. Therefore, the central function of IRF4 in controlling Th17 differentiation may provide new opportunities for developing therapies aimed to treat autoimmune diseases.
Materials and Methods
CD4 ؉ T Cell Purification, In Vitro Stimulation, and Staining. WT C57BL/6 mice were purchased from the Jackson Laboratory. Irf4 Ϫ/Ϫ mice were bred at the animal facility of the Biomedical Research Center at the University of Marburg, Germany. Naïve CD4 ϩ CD62L hi T cells were prepared by magnetic cell sorting (MACS; Miltenyi Biotec) from spleens and lymph nodes of 8-to 12-week-old WT or Irf4 Ϫ/Ϫ mice and were primed with plate-bound anti-CD3 (5 g/ml; 145-2C11) and soluble anti-CD28 mAb (1.5 g/ml; 37.51) in the presence of recombinant human IL-2 (50 U/ml; Novartis), anti-IL-4 (10% culture supernatant of clone 11B11), and anti-IFN␥ (5 g/ml, XMG1.2; i.e., ''Th0 conditions''). Some cultures also received 2 ng/ml recombinant human TGF␤1 (R&D Systems), 50 ng/ml recombinant murine IL-6 (Peprotech), 50 ng/ml recombinant murine IL-21 (R&D Systems), or combinations of these stimuli. Seventy-two hours later (unless otherwise indicated), cells were washed and re-stimulated 
